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Stem cellsTo analyse cell migration and the differentiation potential of migratory stem cells in Hydractinia, we
generated animals with an eGFP reporter gene stably expressed and transmitted via the germline. The
transgene was placed under the control of two different actin promoters and the promoter of elongation
factor-1α. One actin promoter (Act-II) and the EF-1α promoter enabled expression of the transgene in all cells,
the other actin promoter (Act-I) in epithelial and gametogenic cells, but not in the pluripotent migratory
stem cells. We produced chimeric animals consisting of histocompatible wild type and transgenic parts.
When the transgene was under the control of the epithelial cell speciﬁc actin-I promoter, non-ﬂuorescent
transgenic stem cells immigrated into wild type tissue, stopped migration and differentiated into epithelial
cells which then commenced eGFP-expression. Migratory stem cells are therefore pluripotent and can give
rise not only to germ cells, nematocytes and nerve cells, but also to epithelial cells. While in somatic cells
expression of the act-I promoter was restricted to epithelial cells it became also active in gametogenesis. The
act-I gene is expressed in spermatogonia, oogonia and oocytes. In males the expression pattern showed that
migratory stem cells are the precursors of both the spermatogonia and their somatic envelopes. Comparative
expression studies using the promoters of the actin-II gene and the elongation factor-1α gene revealed the
potential of transgenic techniques to trace the development of the nervous system.ent and Evolution, Biozentrum
9 221 470 6928.
.
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Stem cells have ﬁrst been described, and the corresponding term
“Stammzellen” (stem cells) coined together with related terms such
as “Keimbahn” (germ line) and “Ur-Keimzellen” (primordial germ
cells) by August Weismann. The term stem cells in the sense of cells
able to multiply, and to become precursors of germ cells, has been
introduced in the framework of his study on the origin of sex cells in
marine Hydrozoa, including the speciesHydractinia echinata (Weismann,
1883, 1892).
In the last decades research on stem cells in hydroids has mainly
been conducted in two genera, the solitary freshwater polyp Hydra,
and, resumingWeismanns studies, in the marine hydroid Hydractinia.
The stem cells in these hydroids are found among small basophilic
cells lodged in interstitial spaces of epithelia, and therefore are namedinterstitial cells (i-cells). Experimental studies on the developmental
capacities of the i-cells in Hydractinia in comparison to the derived
freshwater, non colonial hydrozoan Hydra, have given conﬂicting
results. Hydra i-cells have been identiﬁed as source of germ cells,
nematocytes (stinging cells), gland cells and nerve cells, but not of
epithelial cells; the latter are derived from separate lineages
(reviewed by Bode, 1996; Bosch, 2007, 2008, 2009; Frank et al.,
2009). In contrast, at least under particular experimental conditions,
Hydractinia i-cells can give rise to all cell types and, thus, being
pluripotent or totipotent (Müller 1967; Müller et al., 2004). Since no
extraembryonic tissue exists in Hydractinia “pluripotency” and
“totipotency”may be used interchangeably. Inmammals pluripotency
is a feature restricted to some early embryonic cells. Evidence for the
existence of pluripotent stem cells in adult Hydractinia was derived
from animals that were deprived of their own stem cells and
repopulated by allogeneic donor stem cells carrying characteristic
mutations (Müller et al., 2004). This experimental design may be
considered unnatural, since the stem cells of the candidate recipients
had been eliminated by previous harsh treatment of the recipient
colonies with cytostatic agents.
Fig. 1. Constructs and analysis of integration. (A) Either Hydractinia symbiolongicarpus
BAC clone derived actin promoter which corresponds to the orthologous Hydractinia
echinata Act-I promoter (same 5'UTR), Hydractinia echinata Act-II promoter or
Hydractinia echinata EF-1α promoter were fused in frame with eGFP together with
their individual 5' UTRs and ﬁrst 51 amino acids of actin. As terminating regions either
the Hydra terminator (Khalturin et al., 2007) or the terminators from Hydractinia actin-
II gene or EF-1α gene were added. (B) The common protein of actin I and actin II gene of
Hydractinia contains two known putative nuclear export signal sequences (NES) (Wada
et al., 1998). (C) Integration into the genome was analysed by primer pairs amplifying
the plasmid backbone of the transgenesis vector, a fragment spanning the promoter
through the eGFP and a third pair bridging the terminating region. PCRs by pair one and
two ampliﬁed the correctly sized fragments from genomic DNA of a transgene colony
but not from wild type genomic DNA. Control PCRs with actin-speciﬁc primers were
successful with either genomic DNA. Pair three failed to amplify the expected fragment.
121T. Künzel et al. / Developmental Biology 348 (2010) 120–129In the present study we used GFP transgenesis and tissue-speciﬁc
promoters to address the differentiation potential of migratory stem
cells in Hydractinia under natural conditions in the contexts of somatic
development and gametogenesis. The introduced transgenes were
stably expressed and transmitted via the germ line to subsequent
generations. An inbred line homozygous for the transgene was
successfully established.
To enable understanding of the experimental design, the ﬁgures
shown and the results described, some speciﬁc features of the species
under study have ﬁrst to be outlined.H. echinata is a colonial and clonal
hydroid with many polyps with identical genetic inventory
interconnected by double walled free stolons (runners) in young
colonies (see Fig. 6, e.g., A', B', and C' which show outgrowth of the
stolons recorded over approximately 6 days) and by endodermal
gastrovascular channels embedded between two epidermal sheets,
the stolonmat (see Fig. 3B—dark tubular structures in themat, or Fig. 7C,
endodermal channels contrasted by histological staining) in older
colonies. Coordinated behaviour of the polyps is enabled by a cross-
individual nervous and epithelial through-conducting systems for
electrical signals (Stokes, 1974a,b). In spite of being members of a
genetic clone, the polyps display polymorphism and division of labour
(Cartwright et al., 1999, 2006; Mokady et al., 1998; Müller, 1964).
Besides feeding polyps, particular sexual polyps, called gonozooids (see
Fig. 4A and B), are members of the colony. These gonozooids produce
germ cells in gonophores (Figs. 4A, red arrow, and 5A), a sessile,
morphologically reduced medusoid stage that serves as gonad.
Another feature of signiﬁcance in the present study is the ability of
Hydractinia to discriminate self from unrelated non-self in conspeciﬁc
encounters (Hauenschild, 1954; Lange et al., 1989, 1992; Müller
1996). This feature made Hydractinia a model system of the evolution
of alloimmunity. Histocompatibility in Hydractinia is genetically
determined by alr, a polymorphic genetic locus controlling allor-
ecognition (Cadavid et al., 2004; Hauenschild, 1954; Mokady and
Buss, 1996, 1997; Nicotra et al., 2009). Histocompatible colonies fuse
and generate chimeric colonies whereas encounters of allogeneic,
incompatible colonies cause mutual tissue rejection and aggressive
behaviour aiming at eliminating the competitor (Frank et al., 2001,
2009; Lange et al., 1989, 1992; Müller, 1996 (movie)).
This study was designed and conducted with respect to the
following aims:
(1) Making use of transgenic GFP-labeling to analyse movements
and the differentiation potentials of the migratory stem cells.
(2) To study cell movements in conspeciﬁc encounters of different
colonies. The evolution of histo-incompatibility has been
interpreted as a means to prevent invasion of foreign germ
cell precursors (Buss 1982; Buss and Green, 1985). Therefore
the question was: Do cells pass from one partner to its
neighbour? Placing GFP-transgenic colonies in contact with
unlabeled, histocompatible partner colonies we studied cell
migration in the chimera following fusion. Unexpectedly, it was
this experimental design that provided proof for pluripotency
of themigratory stem cells, without previous elimination of the
stem cells of one of the partners.
(3) To analyse the participation of migratory cells in gametogenesis.
The multipotent i-cells of Hydrozoa are generally considered to
be the origin for both, somatic and germ cells (Frank et al., 2009).
It is, however, unknown when and how somatic and generative
lineagesdiverge. Evidence increases that cnidarian stemcells and
germ cell precursors involve molecular control elements known
from higher animals including vertebrates, in particular nanos
and vasa (Mochizuki et al., 2000, 2001; Rebscher et al., 2008).
They express also genes for molecules involved in the transition
of stemness to differentiation (Hemmrich and Bosch, 2008;
Hoffmann and Kroiher, 2001; Teo et al., 2006). We used
transgenic Hydractinia to trace back gametogenic cells andobserved hitherto unknown similarities of spermatogenesis in
Cnidaria and higher evolved animals by ﬁnding a close
juxtaposition and common origin of somatic and generative
cells in the testis.
Material and methods
Generation of transgenic Hydractinia, analysis of reporter gene expression
under different promoters
To establish transgenic Hydractinia, genomic fragments were in
ﬁrst instance derived from a BAC library of Hydractinia symbiolongi-
carpus (Schwarz et al., 2007). DNA encoding 51 amino acids of the
actin-I gene and 1.8 kb of its 5' upstream regulatory region was cloned
in frame with eGFP into the LigD modiﬁcation of the HoTG eGFP
expression vector (Khalturin et al., 2007; Wittlieb et al., 2006)
replacing the Hydra actin promoter (Fig. 1). One of, so far, 3 different
Hydractinia echinata actin genes was later found to have a nearly
122 T. Künzel et al. / Developmental Biology 348 (2010) 120–129identical 5' UTR region and to represent the H. echinata equivalent of
the H. symbiolongicarpus gene. Injection of constructs into fertilized
eggs of Hydractinia did not affect viability. Injected embryos
developed normally and 10 to 25% of them expressed the transgene.
Analysis of one transgenic clone revealed genomic integration of the
construct (Fig. 1C, analysis of integration). Transgenes were stably
expressed in the larva, during metamorphosis and also in the adult
animals during colony formation. Expression analysis of the actin-I-
driven construct (pAct-I:51Act-eGFP) revealed that the 51 amino-
terminal amino acids of actin are sufﬁcient to target the truncated
actin-eGFP fusion to intracellular destinations of actin function. These
include the cytoskeleton of epithelial cells, actin bundles in the cortex
of blastomeres and the processes of epithelial muscle cells in polyp
epi- and gastrodermis. The truncated actin fused to eGFP did not cause
any obvious perturbation of normal actin function. Actin-eGFP fusion
protein accumulated in cell nuclei probably due to the fact that two
putative nuclear export signal sequences of actin were absent from
the fusion protein (Fig. 1B). In Hydractinia, transgenesis was not
improved by a helper function of the meganuclease I-Sce-I as it has
been reported from other systems including the sea anemone,
Nematostella (Grabher et al., 2004; Renfer et al., 2010).
Two other promoters, of actin-II gene and of elongation factor-1α
were isolated by a slightly modiﬁed version of the splinkerette
walking protocol (Devon et al., 1995). They were cloned into the same
vector replacing the actin-I promoter and the 5' UTR, but leaving the
nucleotides encoding the ﬁrst 51 amino acids of the actin protein in
place (Fig. 1). Plasmid DNA was extracted by alkaline lysis (Birnboim
and Doly, 1979) and puriﬁed by phenol/chloroform extraction and
ethanol/salt precipitation using ammonium acetate and potassium
chloride. Nucleic acid sequences were deposited in GenBank:
Hydractinia echinata, elongation factor-1α, mRNA, accession num-
ber HM197750; Hydractinia echinata, elongation factor-1α, promoter,
accession number HM197751; Hydractinia echinata, elongation factor-
1α, terminator, accession number HM447594; Hydractinia echinata,
non muscle actin II (promoter, coding sequence, terminator),
accession number HM231141; Hydractinia echinata, non muscle
actin I, promoter, accession number HM370515; Hydractinia symbio-
longicarpus, non muscle actin I, promoter, accession number
HM370516.Microinjection
Eggs or two-cell stages were-pressure-injected with approximate-
ly 100 pl DNA at 0.5–1.5 μg/μl in 50 mM potassium chloride.Analysis of transgene genome for integration of construct, primers,
genomic DNA preparation
Primer pairs were designed that either ampliﬁed the plasmid
backbone of the reporter construct, or two diagnostic fragments
spanning the promoter into the eGFP or a sequence between the eGFP
and the end of the terminator sequence. Genomic DNA was isolated
from wild type and transgenic animals by proteinase K digestion and
phenol/chloroform extraction.Fig. 2. pActI:51Act-eGFP transgenic larva with differential expression of eGFP—note the
graded level of expression in endodermal cells (which do not yet show an epithelial
organisation and do not yet spare out an gastrocoel cavity in this young larva). Insets
show low abundance of transgenic ectodermal cells in the posterior larva. In the middle
part of the larva, where extensive cell migration from endo- to ectoderm is known to
occur during metamorphosis small weakly expressing cells populate the ectoderm.
Mesogloea (msg) indicated by dashed white line; ant, anterior; pst, posterior; ec,
ectoderm, en, entoderm, bars, 20 μm in A, 150 μm in B.Microscopy
Recordings of cell migration were performed with a Nikon SMZ
1500 ﬂuorescence dissecting microscope. High resolution compound
microscopy was achieved on ﬂattened animals with high aperture
lenses, mostly Zeiss Planapochromate 40 NA 0.9. Confocal live images
were obtained on a Zeiss LSM510. In all applications standard ﬁlter
combinations for eGFP and DAPI were used.Quantiﬁcation of emission for measuring expression kinetics in transgene
offspring
Embryos were photographed under standard conditions using
Zeiss Axiovision software. Intensity values for eGFP ﬂuorescence were
quantiﬁed by reading out the brightness values from Zeiss ZVI
metadata ﬁles. By comparative measurements with the analysis tool
in Photoshop 4CS yielded the same quantitative data for expression
kinetics.
Results
Expression of pAct-I:51Act-eGFP in embryogenesis, larva and
metamorphosis—Act-I promoter is highly regulated in time and space,
and active in epithelial cells
After injection of either linearised or circular plasmid DNA into
Hydractinia fertilized eggs similar expression kinetics and modes of
lineage generation were observed. eGFP ﬂuorescence was observed
approximately 20–24 h after injection by the appearance of brightly
ﬂuorescent patches or groups of cells in the developing embryo.
Transient very bright ﬂuorescence probably resulting from injected
constructDNAdecreasedduring further 24 hof development. In cases of
stable construct expression, signals re-intensiﬁed in larvae and later in
metamorphosing polyps. Expression in these founder animals was
always mosaic. In planulae cell cycle activity is minimal and the
distribution pattern of transgenic cells, once acquired, was stable. After
onset ofmetamorphosis, transgenic cells propagate andgenerate clones.
123T. Künzel et al. / Developmental Biology 348 (2010) 120–129Lineage propagation occurred in apico-basal direction of the polyp if the
transgenic cells were epidermal cells. Gastrodermal cells propagated
circumferentially in the gastrodermis and formed ring like clones in the
polyps. Transgenic cells redistributed in the stolons and spread to all
parts of the growing colony including polyp buds.
The time of integration of the injected construct varied from
individual to individual. Early integration could apparently be
favoured by injecting into the cleaving eggs just before breakdown
of the nuclear membrane during either ﬁrst or second mitosis. Early
uptake of the transgene into an embryonic founder cell led to mosaic
animals that consisted of up to 50% of transgenic cells. Due to
mosaicism transgenic cells could easily be identiﬁed in the back-
ground of the dark, non-ﬂuorescent environment. In contrast to the
common assumption that actin should be expressed in every cell and
in any spatial compartment of the animal, expression controlled by
the actin-I promoter was found to be highly regulated and cell-
speciﬁc.
The natural zygotic expression kinetics of the actin-I promoter was
determined in offspring of F1 generation. Quantitativemeasurements of
eGFP ﬂuorescence in transgenic embryos revealed that zygotic activity
of pAct-I starts at about 20–24 h of development (supplementary Fig. 1)
and thus ﬁts the kinetics of transgene expression after injection.
In planulae, pAct-I has a low activity in the ectoderm as compared
with high expression in the endoderm. In this inner layer, expression
is graded along the anterior-posterior axis from high expression levels
in the posterior to low in the anterior part of the larva (Fig. 2A). In the
planula larvae of Hydractinia the cells of the endodermal mass acquire
a characteristic epithelial appearance only when the fully developed
planula attains competence to metamorphose (van de Vyver, 1964).
Therefore, missing epithelial structure of the endoderm in youngFig. 3. pAct1: 51Act-eGFP expression in polyps and colonies. (A) Clones of epithelial musc
extending parallel to the oral-aboral axis (oral is at top left of ﬁgure). Note that cells possess
propagation of transgenic epithelial cells (mat has expanded from bottom to top, explaining r
(heterozygous F1) stained with DAPI still showing mosaicism. Epidermal epithelial cells t
ﬂuorescence around. Most cells contain bright blue stained nuclei due to merge of eGFP green
the selected area demonstrating that neither nematocytes nor nematoblasts are expressin
endodermal tentacle cells, projection of confocal image stack; actin-I-eGFP fusion protein de
the nucleus and in the cell nucleus itself. (E, E') Epithelial cells in stolon and stolon tip. N
epithelial cells. Arrowheads in E indicate nematocytes that do not express eGFP. Bar, 20 μmplanulae as shown in Fig. 2 does not contradict epithelial commitment
of the majority of the cells. The middle region of the larva is, however,
also the area where stem cells ﬁrst appear in embryonic development
and later migrate from endo- to ectodermis (Kroiher et al., 1990;
Plickert et al., 1988; van de Vyver, 1964;). Here, in contrast to the
posterior pole, numerous small but bright transgenic cells are obvious
in the ectoderm (Fig. 2). These cells could not be identiﬁed as i-cells,
they rather appeared to be small cells that were about to differentiate
into ectodermal epithelial cells.
After metamorphosis and later, during colony formation, trans-
genic cells gave rise to clones of epitheliomuscular cells in the epi- and
gastrodermis of the polyps. Epithelial cells in the tubular stolons of
founder animals always formed small groups of cells rather than large
clones. Large clusters of epithelial cells, formed by clone-generating
multiplication of transgenic cells, appeared in the stolon mat of
expanding colonies approaching sexual maturity. Interstitial stem
cells and their somatic derivatives other than epithelial cells (i.e.,
nerve cells and nematocytes) were not expressing the pAct-I-eGFP
reporter construct (Fig. 3).
Germ line transmission of the pAct-I:51Act-eGFP reporter gene and
generation of homozygous transgene lines
Founder animals F0 were raised as single clones and became
mature 4 to 6 months after metamorphosis. Male founders were
crossed with wild type females. The F1 transgenic offspring expressed
the transgene in only approximately half of all cells even though an
allele of the transgene must be present in every cell (supplementary
Fig. 2). Even cells of identical state of differentiation and in close
proximity to each other did alternatively express the reporter gene or,le cells in the epidermis of a feeding polyp of Hydractinia showing muscle processes
multiple or bifurcated muscle processes. (B, B') View of stolon mat from above; clonal
adial propagation of initial transgenic founder cells). (C) Tentacle of a transgenic animal
hat do not express the transgene allele show up with blue nuclei without any eGFP
and DAPI blue. Nuclei of nematocytes do not stain with DAPI. Inset shows DIC image of
g the reporter gene. Some epithelial cells with vacuoles are indicated. (D) A pair of
corates the cortical endogenous actin. It is also present in cytoplasmic strings anchoring
ote different morphologies of ectodermal (red arrow) and endodermal (white arrow)
in A, 50 μm in B, 50 μm in C, D, E.
124 T. Künzel et al. / Developmental Biology 348 (2010) 120–129putatively, the non-transgenic allele. Once activated in a cell, the
transgene was stably expressed over time. Thus, it depends on the
expressed allele in the heterozygous F1 whether or not the reporter
gene is active. In replicating lineages, the allelic preference of
transgene expression was transmitted stably to the progeny of one
labeled precursor cell. Epidermal epithelial cells of the stolon mat
formed large, coherent cell clones by this behaviour (Fig. 3B').
Crosses of F1 male and female animals gave rise to some F2
progeny that appeared to consist homogenously of eGFP expressing
cells. Closer inspection, however, conﬁrmed the observation in the F0
generation that even in these colonies with all epithelial cells labeled,
interstitial stem cells, nerve cells and nematocytes did not express the
transgene. Accordingly, promoter Act-I is speciﬁcally active in
epithelial cells but, as shown below, also in committed germ cell
precursors and oocytes.
Expression of the pAct-I:51Act-eGFP reporter gene in gametogenesis
Amale transgenic founder clonewas analysed for gametogenesis. In
addition to eGFP-expressing epithelial cells gonozooids of the clones
contained small brightly ﬂuorescing cells in the endodermis of just
forming gonophores (Fig. 4C). These transgenic cells enter the quasi-
mesodermal tissue of the entocodon that is formed by immigrating
ectodermal cells of the gonophore anlage (Hertwig andHündgen, 1984;
Müller, 1964). The labeled cells, once arrived in the gonad tissue,
became involved in spermatogenesis. Due to mosaicism the ﬂuorescing
cells disclosed remarkable features of cnidarian spermatogenesis. The
labeled progenitor cells gave rise to two different lineages of
descendants as they formed coherent clusters: spermatocytes that
continued to divide, and one or few large somatic cells enveloping the
multiplying generative cells. While the compacted spermatocyte nuclei
did not take up Act-eGFP fusion protein, the nuclei of the somatic cells
did soandmade themvisible (Fig. 4E andF).With increasingmaturity ofFig. 4. Spermatogenesis in transgenic Hydractinia. (A, B)Male gonozooids of F0 generation be
in A'). Additional transgenic epithelial cells are present at the base of the gonozooid, and in th
of focus). (B) Gonozooid with two mature gonophores (mgp) and stages of developing go
expressing eGFP and entering the gonophores from the gastrodermis (red arrows in C an
packages containing some single somatic nuclei (stained brightly by 51Act-eGFP fusion prot
(from a different gonozooid). (F) Advanced stages (from a different gonozooid). (G) Semithin
200 μm in A, 100 μm in B, 50 μm in D, 20 μm in G, 10 μm in F.the developing gonophores, labeled spermatocyte agglomerates
contained increasingly more spermatocytes. Clusters with approxi-
mately 8 to 16 spermatocytes were observed in young gonophores
while advanced stages contained more than a hundred spermatocytes/
spermatids indicating additional rounds of spermatocytemultiplication.
Spermatocytes developed synchronously and were of equal size in
individual clusters but also in the entire testis. With progression of
maturity the diameter of their nuclei decreased due to compaction.
Histological sections revealed that spermatocytes form as dense
packages separated by somatic cells (Fig. 4G).
Maturing females showed mosaicism in gametogenesis, too. In F1
females, even neighbouring oocytes either expressed the transgene or
they did not. Accordingly, about half of the oocytes contained
maternal Act-eGFP fusion protein and the other half did not
(Fig. 5A). At the level of arising gonophores, labeled oogonia and
oocytes were obvious in the endodermis (Fig. 5A) indicating that the
transgene was expressed in the gametogenetic cell itself. The
maternal Act-eGFP fusion protein thus most probably did not
originate from other, nursing cells but from the developing gametes
themselves. The 51 actin amino acids in the fusion protein targeted
the eGFP reporter protein in early embryos to the cortex of the
blastomeres indicating that actin is required to stabilize the
cytoskeleton in cleaving blastomeres (Fig. 5B).
Colony fusion and spreading of epithelial cells in histocompatible and
incompatible encounters
In order to study cell behaviour during fusion and rejection,
encounters between F1 transgenic animals and alr-matching histo-
compatible wild type animals were examined. At contact sites
between stolons of alr-mismatching histoincompatible colonies no
spreading of pAct-I:51Act-eGFP-expressing cells was ever observed
supporting earlier hypotheses that allorecognition and rejection formaring gonophores of various stages of development including transgenic cells (red arrow
e head and neck region. eGFP ﬂuorescence is also visible in the stolon mat (bottom, out
nophores (dgp). The central inset (C, D) shows a just emerging gonophore with cells
d D). In maturing gonophores, transgenic cells have differentiated into spermatocyte
ein, red arrows in E) and dividing spermatocytes (E, F). (E) Early stage of package cells
section of a comparable stage with spermatocyte packages. hgz, head of gonozoid. Bars,
Fig. 5.Oogenesis. (A) Oocytes of F1 female labeled bymaternal Act-eGFP fusion protein. Arrows indicate early oocyte stages or oogonia being located in the endoderm of a very young
developing gonophore. (B) F2 embryo, 6 h compact blastula stage; maternal fusion protein is directed to sites of endogenous actin bundles in cortices of blastomeres. Note that
maternal eGFP reporter is also located in the nuclei of the blastomeres. Bars, 30 μm in A, 20 μm in B.
125T. Künzel et al. / Developmental Biology 348 (2010) 120–129an effective barrier against invading allogeneic cells (Fuchs et al.,
2002; Lange et al., 1989, 1992). Stolons of compatible colonies fused
(Fig. 6B, site of fusion indicated by a red triangle) and cells bearing the
eGFP construct but not expressing it while migrating spread into theFig. 6. Cellmigration. (A to E) Spreading of cells expressing the reporter gene after fusion ofwild
triangle: siteof fusion. Invading transgenic cells (tg cells) spread in the stolonsof the colonybutn
comparedwith eGFP) in theheads ofwild typepolyps inE. (F) Stolonofwild type colony (elonga
arrows) and started to express the epithelial reporter eGFP. Migratory transgenic cells have als
polypbuddevelopment. (G–K)Nuclear stainingofhomozygous F2clone, insets J andK indicated
contain eGFP and cause DAPI stained nuclei to appearwhite-blue in themerge. (J) i-cells that do
indicating the typical small size of i-cells. K) DAPI/DIC-merge. Arrows indicate two i-cells of typi
transgenic.tissue of the wild type colony (Fig. 6C, D, E). When they subsequently
displayed green ﬂuorescence the wave front of ﬂuorescence spread
with a rate of approximately 100–200 μm/day. This was roughly equal
to the rate by which the stolons of the fused colonies elongated.typewith a transgenic colony, A–Cwith corresponding brightﬁeldmicrographs, A'–C'; red
ot intopolyp tissue (red circle inD).Note autoﬂuorescence (different emission spectrumas
ting to the left) populatedby transgenic cells. Twomigratory stemcells have settled (white
o formed a cluster of approximately 15 cells (right area of picture) as a preparatory step in
in I.Merge (I) ofDAPI (H) andeGFPﬂuorescence (G), live imaging.All epithelial stoloncells
not express the eGFP reporter (blue nuclei, red arrows in J). Note narrow spacing of nuclei
cal shape. Bars, 500 μm in A', same scale in A-E, 50 μm inG-I, 20 μm in J, K. wt, wild type, tg,
Fig. 7. pAct-II:51Act-eGFP transgenic expression. (A) I-cells in stolon (red arrows)
among epithelial cells expressing the reporter gene. (B) i-cells in stolon mat, live
imaging, observed from above. Note arrangement as single cells or in clustered single
cells as in c. (C) I-cells (deep blue) in the stolon mat stained with Giemsa/May
Grünwald (detail of a ﬁgure shown in Müller et al., 2004). (D) eGFP in clusters of
nematocytes, note absence of eGFP from cysts. Bars, 100 μm in A, 20 μm in B (same scale
in C), 10 μm in D).
126 T. Künzel et al. / Developmental Biology 348 (2010) 120–129Existing transgenic cells were obviously stationary and, as a rule,
large. New labeled cells, in contrast appeared at the wave front of
migration as initially small eGFP expressing cells (Fig. 6F). New
labeled cells appeared exclusively in stolons. Existing polyps of the
wild type colony were not populated by eGFP expressing cells
(Fig. 6D). Even after several weeks of observation transgenic cells
were absent from polyps that were already present at the time of
fusion. Migrating cells exclusively propagated in the stolon compart-
ment. In no case were eGFP labeled nematocytes or nerve cells
observed in wild type or chimeric colonies; Act-I promoter activity in
these cell types is obviously absent. While adult wild type polyps
represented “no go areas” for migrating transgenic cells newly
forming polyps, in contrast, were actively populated by transgenic
cells. As a preparatory step of polyp bud formation migratory cells
accumulated and differentiated at the site of bud formation (Fig. 6F).
Time lapse movies showed that once a cell had started to activate
pAct-I:51Act-eGFP and thus became visible as an eGFP labeled cell, it
stopped migrating. Labeled cells are all stationary epithelial cells
(supplementary material, movie). Further evidence that the migrato-
ry cells were i-cells was obtained by analysing homozygous F2
stolon tissue. The only cells in the stolon tissue, not expressing eGFP
were i-cells or other non-epithelial derivatives by morphology.
Accordingly, the mode of spreading is based on migrating i-cells
that settle and differentiate into epithelial cells (Fig. 6F). When i-cells
differentiate Act-I promoter is activated and the cells express the
reporter protein. As a preparatory step of polyp budding clusters of
newly forming labeled epithelial cells were observed at stolon sites
where subsequently buds appeared (Fig. 6F). These ﬂuorescent cells
derived from migrating i-cells. In later stages of polyp formation they
were shifted into the body column of the newly forming polyp. Thus,
cells multiplying and migrating in the stolon compartment contribute
substantially to the increase of the polyp tissue mass, at least in initial
stages of bud development.
Comparative studies with different promoters—the promoter of a
different actin gene, Act-II, as well as the promoter of Hydractinia EF-
1α are active in epithelial cells, i-cells and in cells of the nervous system
As a surprising result actin expression was found to be absent from
somatic derivatives of i-cells except epithelial cells and, while
isolating the actin-I promoter from Hydractinia, two further actin
genes were identiﬁed and found to have regulatory regions different
from pAct-I. One of these, pAct-II was used to replace pAct-I. In
addition the 3' termination region originally from Hydra was
exchanged with the terminating region of the pAct-II gene from
Hydractinia. In contrast to pAct-I:51Act-eGFP this reporter construct
was now expressed in i-cells and in their somatic derivatives (Fig. 7)
but, like pAct-I, also in epithelial cells of the stolon mat and of stolons.
In order to drive expression of early developmental genes another
Hydractinia promoter expected to be ubiquitously expressed, the
promoter of elongation factor 1α, was used. Like pAct-II:Act51-eGFP,
also pEF-1α:Act51-eGFP was expressed in all cell types including
neurosensory and ganglionic cells. With these two constructs the
emergence of the Hydractinia nervous system could be observed for
the ﬁrst time in vivo. New insights into the complexity of the nervous
organization were enabled by the visualization of eGFP expressing
neural cells. In stolons, giant bipolar neurons of extreme extension
spanning at least 250 μmwere observed (Fig. 8A). These neurons may
well be the cellular basis of the through-conducting system
coordinating the behaviour of the individual members of the colony
(Josephson, 1961; Stokes, 1974b). Similar giant neurons were
observed in polyps spanning as single cells from the gastric region
to the tentacle level and also in the planula larva where they
interconnect anterior neurosensory cells with effector cells in the
posterior tail region (Fig. 8C). In all experiments using these
constructs the nervous system of the planulae was observed tocontain several types of nerve cells including labeled neurosensory
cells and interneurons (Fig. 8B). Details of these experiments will be
published elsewhere.
Discussion
Spread of migrating stem cells and their differentiation potential
A unique feature common to all Hydrozoa is the potential
immortality of their polyp stage. Aged cells are permanently replaced
by cells differentiating from one or several pools of stem cells. However,
according to previous studies the differentiation potentials of the stem
cells in different hydrozoan species appear to be different. Studies in the
genus Hydra (Fig. 9A) led to the conclusion that three separate
compartments of cell lineages exist in these solitary polyps: (1)
ectodermal epithelial cells, (2) endodermal epithelial cells, and (3) the
Fig. 8. eGFP expression in the nervous system driven by pAct-II and EF-1α promoter. (A) pActII:51Act-eGFP, stolon with labeled epithelial cells and one giant bipolar neuron spanning
approximately 250 μm, live confocal imaging. (B) pEF-1α:51Act-eGFP transgenic larva with labeled nerve cells (white arrows) of the anterior apical sensory groove. Red arrows
indicate eGFP-expressing epithelial cells, white arrowheads indicate mesogloea, live confocal imaging. (C) pActII:51Act-eGFP, neurons in polyp ascending from gastric region
(bottom) up to lower hypostome border (red arrows). Note expression in epithelial muscle cells (over-exposed due to high expression level of eGFP) and targeting of truncated
actin-eGFP fusion protein to muscle processes. Bars, 40 μm in A and B, 60 μm in C.
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contain multipotent cells (reviewed by Bode, 1996; Bosch, 2007, 2008,
2009; Frank et al., 2009).
By contrast, the pool of i-cells in Hydractinia has been proposed to
include pluripotent stem cells capable of giving rise to all cell types
including nerve cells, epithelial cells and germ cells (Fig. 9B). In these
studies the complete inventory of cells able to divide was eliminated
by treating host colonies with cytostatic alkylating agents such as
mitomycin C. Colonies deprived of their stem cells were repopulated
with either isogeneic i-cells (Müller, 1967) or allogeneic donor cells
derived from histocompatible colonies (Müller et al., 2004). These
allogeneic donor cells carried mutations that produced a character-
istic phenotype. The host colonies completely transformed into the
phenotype of the donor including the sex and the mutant character-
istics of the donor.
However, these studies were based on experimental conditions
that might be regarded as unnatural: All cells able to proliferate were
affected by the cytostatic agent and prone to die eventually, although
differentiated epithelial and nerve cells disintegrated only weeks after
the treatment. Perhaps it was the aging and dying cells that
stimulated conversion of migrating stem cells into epithelial cells.
Compared to Hydractinia, species-speciﬁc differences may exist in
Hydra, but an alternative interpretation should also be considered. In
Hydra, a mild treatment with hydroxyurea (that did not speciﬁcally
affect i-cells in Hydractinia) eliminated the interstitial cell lineage but
left the epithelial lineages intact. The epithelial lineage preserved self-
renewal capacities and, thus, no speciﬁc stimulus reached the
immigrated donor i-cells to differentiate to epithelial cells.
The present study provided unexpected results: Although no
cytostatics had been applied to eliminate the host's i-cells, unlabeled
i-cells from the transgenic donor invaded the tissue of the host.
Missing eGFP-ﬂuorescence and direct observations identiﬁed them asi-cells. Having immigrated into the wild type part of the chimeric
colony from the transgenic part, the cells stopped moving, differen-
tiated to eGFP-ﬂuorescent epithelial cells and formed polyps. This
shows that even in normal, undamaged colonies, buds of polyps are
formed from migrating i-cells even without being stimulated by
necrotic cells. At least a subpopulation of the i-cells in Hydractinia is
pluripotent.
In contrast to newly forming buds, existing polyps were not
populated by migrating stem cells which subsequently became
epithelial cells. At least, epithelial cell growth in polyps is therefore
self-sustaining and independent from supplementation by immigrating
stem cells. Hydractinia stem cells give rise to nematocytes, nerve cells
and germ cell precursors (Frank et al., 2009). As pAct-I is not active in
nematocytes and nerve cells, absence of such derivatives from
populated polyps does, accordingly, not contradict their regular origin
from immigrating i-cells. pAct-II and pEF-1α-driven constructs were
well expressed in i-cells, nerve cells and nematocytes of larvae, polyps
and stolon mat supporting the conclusion that one common stem cell
population can diverge into differentiation lineages for somatic and
generative i-cell derivatives as well as for epithelial cells (Fig. 9).
Gametogenesis
In higher evolved animals gametogenesis is based on mutual
interactions between germ line and soma. In vertebrates primordial
germ cells originate from the endoderm, invade the mesodermal
genital ridges and receive germ cell determining instructive signals.
Later, the somatically derived gonad tissue controls the maturation
process of the gametes. In Hydractinia and other Hydrozoa a separate
germ line is not segregated before sexual maturation. The pool of
pluripotent stem cells also represents the germ line. In line with this
notion, vasa, a gene well conserved in the germ line or in pluripotent
Fig. 9. Stem cell derived lineages in Hydractinia and Hydra. Right figure: Lineages derived from migratory totipotent interstitial stem cells in Hydractinia echinata. Sequence of
branching offs deduced according the sequence of cell renewal in colonies that had been deprived of their own i-cells and repopulated with isogeneic or allogeneic donor i-cells (after
Müller, 1967, andMüller et al., 2004). Presence of vasa transcripts or protein in the nuclei is indicated by light-blue color (after Rebscher et al., 2008). Left, framed figure: cell lineages
in the genus Hydra. Note: the (1) ectodermal, and (2) endodermal stem cells have the characteristics of differentiated cells, but have nonetheless preserved the ability to divide.
Figure after Müller WA, Developmental Biology, Springer (Müller, 1997).
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i-cells (Rebscher et al., 2008). The maternal protein occurs already in
oocytes as a “nuage” around the nucleus and later becomes allocated
to the i-cell lineage in which vasa expression commences. Hydrozoan
i-cells preserve the potential to segregate a germ line permanently.
Germ cell precursors become detectable only in maturing animals
(Kuznetsov et al., 2001; Mali et al., submitted for publication;
Mochizuki et al., 2001). Remarkably, eGFP labeled cells entered
male gonads exactly at the same time and in the same place where
vasa-expressing primordial germ cells were observed to enter the
gonad and stop vasa expression (Rebscher et al., 2008). The eGFP-
expressing cells divided and formed two major descendants, (1)
spermatocytes and (2) a somatic component that enclosed the clusterof synchronously dividing spermatocytes. Thus, generative and
somatic cells in the developing testes of Hydractinia have a common
precursor cell. We suggest that this represents an ancestral mode of
spermatogenesis, preceding the separation of somatic and generative
stem cell niches in the testes of other animals.
In testes spermatogenic stem cells are preserved in the undiffer-
entiated state and multiply by proliferation. Signals that prevent
transition of spermatogenic stem cells into spermatogonia have been
reported to derive from somatic components such as Sertoli or Leydig
cells in the vertebrate testis or, in Caenorhabditis elegans, to be emitted
by the distal tip cell of the gonad tube (reviewed byWhite-Cooper and
Bausek, 2010). Hydractinia testes (i.e., male gonophores) do not
contain permanent spermatogenic stem cells; these remain in the
129T. Künzel et al. / Developmental Biology 348 (2010) 120–129aboral body column of the gonozooids or in the stolonal compart-
ment. Once they have entered the developing gonophores, primordial
germ cells start to divide. They form large cysts of spermatocytes
eventually becoming packages of spermatids. As visualized by the
eGFP reporter all spermatocyte cysts in one individual gonophores
contained roughly equal numbers of cells which subsequently
increased in maturing gonophores. Hydractinia testes thus display
uniform and fairly synchronous spermatocyte multiplication. In one
and the same gonophore all spermatocytes or spermatids displayed
the same stage of maturity. In contrast, maturing Hydra testes appear
to contain different developmental stages of gametogenesis. Small
spermatocytes and nearly mature spermatids were concentrated in
the center of the mound-like conical testes while younger larger
spermatocytes located in the periphery (Kuznetsov et al., 2001).
The results shown above demonstrate that there is a common origin
of somatic and germ line cells in the gonad of Hydractinia. As epithelial
cells derive from migrating i-cells there is no clear separation of stem
cells for epithelial and interstitial cells in this hydroid (Fig. 9). Stem cell
systems inCnidariahavebeenobserved to vary considerably as typical i-
cells are only known from several Hydraozoa including Hydra and
Hydractinia (Frank et al., 2009). So far, i-cells have not been identiﬁed in
Nematostellaandother anthozoans (Technau, personal communication)
which are ancestral Cnidaria. The fact that even within the Hydraozoa
stem cell systems are diverse may just indicate a great evolutionary
plasticity inﬁne-tuning cell supplyingmechanisms in Cnidaria.Hydra as
a derived hydroid is solitary. It has lost the stolon/mat system which is
the major niche for stem cells in Hydractinia. Thus the loss of stem cell
supply from the stolon systemmay have accompanied the evolution of
autonomous stem cells for the epithelial lineages in Hydra.
Supplementary data to this article can be found online at
doi:10.1016/j.ydbio.2010.08.017.Acknowledgments
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